vators and were subsequently shown to possess HAT knockout mice are hypersensitive to ionizing radiation activity (Ogryzko et al., 1996) . Although p300, CBP, and (Ouyang et al., 1997) , are immune compromised (Manis PCAF are found to associate in vivo and can target the et al., 1998), and have increased apoptotic neuronal same residue, they typically exhibit a high degree of death during embryonic development . specificity, even targeting different residues within the Interestingly, cells from Ku70 knockout mice are also same polypeptide (Giordano and Avantaggiati, 1999;  hypersensitive to agents, such as staurosporine (STS), that promote apoptosis in the absence of DNA damage (Chechlacz et al., 2001 ). This is consistent with a physio-*Correspondence: david_sinclair@hms.harvard.edu logical role for Ku70 in suppressing apoptosis, indepenBy Western blot analysis, this antibody specifically recognized acetylated proteins and did not recognize dent of its role in DNA repair. Although Ku70 is a predominately nuclear protein, it is suspected that the less unacetylated recombinant Ku70 (data not shown). Cell extracts from HeLa cells were immunoprecipitated with abundant cytoplasmic pool is responsible for Bax sequestration (Sawada et al., 2003b) . Given Ku70's dual an anti-Ku70 monoclonal antibody (mAb) or an antihemaggluttinin (HA) mAb as a negative control and probed role in DNA end joining and suppressing apoptosis, it could conceivably be a central player in coordinating with the panAc-K antibody. As shown in Figure 1C , two bands were recognized by the panAc-K in the anti-Ku70 DNA repair with the decision between cell survival and programmed cell death.
immunoprecipitation ( Figure 2A , a strongly labeled band corresponding to the size of Ku70 was observed in K320) by CBP, PCAF, or p300 increases the stability of the protein and increases p53-dependent transcription, each of the complete acetyltransferase reactions (lanes 4-6) but not in reactions lacking recombinant Ku70/80 thus promoting growth arrest and apoptosis (reviewed in Grossman, 2001 ). To identify additional factors that (lane 1-3) or an acetyltransferase (lane 7). A weak band corresponding to Ku80 was also observed (lanes 4-6). might be acetylated following a DNA damage signal, we searched for proteins with homology to the two clusUnder these conditions, p53 control peptides known to act as substrates of these enzymes were labeled to a ters of acetylation sites in the C terminus of p53 (aa 302-326 and 367-392). One of the closest matches similar extent by CBP, PCAF, and p300 (Liu et al., 1999) (data not shown). These results demonstrate that Ku70 was to the C-terminal linker region of Ku70, which has been difficult to define structurally due to its apparent can serve as an efficient substrate for all three acetyltransferases. Based on the intensity of the bands, CBP flexibility (Zhang et al., 2001) ( Figure 1A) . The Ku70/p53 alignment suggested a potential consensus sequence has the strongest preference for Ku70, which is consistent with the robust interaction between Ku70 and CBP [(T)KRKX 3-5 SGSX 2 KK] that also aligned with known acetylated domains in the flap endonuclease FEN1, the tranin vivo. Due to the strong interaction between Ku70 and CBP scription factor GATA1, and the transcription initiation factor EFIIE␤ ( Figure 1B ). Based on this alignment, we and the efficient acetylation of Ku70 in vitro, we sought to define the regions of Ku70 that are targeted for acetypredicted that lysines within the C-terminal linker domain of Ku70 would be likely targets for acetylation lation. A library of 31 peptides was synthesized to cover the entire Ku70 sequence ( Figure 2B ). Each of these in vivo.
To test this prediction, we generated a rabbit polypeptides was incubated in an acetylation reaction as above, with either PCAF or CBP. Again, a p53 peptide clonal antibody against pan-acetyl-lysines (panAc-K). Figure 3C ). Peptide 29
To test whether the C-terminal linker of Ku70 could be acetylated in vivo, amino acids 537-557 of Ku70 were (TKRKHDNEGSGSKRPKVEYSEE 541-562 ), which contains four lysines (K542, K544, K553, and K556), is located expressed as a fusion to GFP (pEGFP-Ku70 537-557 ) (Bertinato et al., 2001). The fusion peptide was immunoprecipwithin the C-terminal flexible linker region that we had previously identified as a potential target for acetylation itated from HeLa cells using an anti-GFP antibody, and acetylation was assessed by Western analysis using the (see Figure 1B) .
To determine which lysines in peptide 29 were being panAc-K polyclonal antibody. As shown in Figure 2E , the panAc-K antibody strongly recognized the GFPacetylated in the reaction, a series of substitutions were made in which three out of the four lysines were replaced Ku70 537-557 fusion but not the untagged GFP control, suggesting that the Ku70 linker region is targeted for acetywith arginine, a residue that cannot be acetylated. Each peptide was then incubated with either PCAF or CBP lation in vivo. Next, we sought to provide more conclusive evidence and analyzed by autoradiography as above. As shown in Figure 2D , the peptide that retained K542 (KRRR) was that this region and others in Ku70 are subject to acetylation in vivo. We purified Ku70 either from 293 cells stably the preferred target of both PCAF and CBP and was acetylated to almost the same extent as the original expressing 6xHIS-Ku80 using a one-step purification on a Ni-NTA agarose column or from HeLa cells 1999). Six sites were located within the regions covered by peptides 16 and 29 (K331, K338, and K542, K544, by immunoprecipitation using an anti-Ku70 polyclonal antibody followed by SDS-PAGE separation. Isolated K553, K556, respectively) ( Figure 3A) , the same two peptides that were strongly acetylated in vitro by PCAF and proteins were then digested with either trypsin, chymotrypsin, V8, or AspN and subjected to tandem mass CBP (see Figure 2C ). Evidence of in vivo acetylation was also obtained for K317 and K539. The latter residue is spectrometry analysis (LC-MS/MS, see Experimental Procedures). Multiple proteases were used in order to located proximal to the region of peptide 29 and may also be part of this apparent C-terminal acetylation domaximize sequence coverage.
Ku70-derived peptides covering 80% of the sequence main. Most peptides appeared to be acetylated on more than one lysine and several were fully acetylated, indiwere analyzed, and eight acetylation sites were identified using the MASCOT search algorithm (Perkins et al.,
cating that there are multiple species of acetylated Ku70 strong evidence that acetylation of residues K539 and K542 in Ku70 are critical for the regulation of Bax-medihad no significant effect on the ability of Ku70 to suppress Bax-mediated apoptosis ( Figure 5C ). In contrast, ated apoptosis. Based on the above results, we predicted that the level cates that the relocalization of CBP from the nucleus to the cytosol following cellular damage might be a key of Ku70 acetylation would increase following cellular damage. To test this, we performed a time course analyregulatory step in Bax-mediated apoptosis. sis of Ku70 acetylation following UV treatment, a condition under which Ku70 is known to suppress apoptosis HDAC Inhibitors Abolish the Endogenous Ku70-Bax Interaction (Sawada et al., 2003b) . 293T cells were exposed to 200 J/cm 2 of UV and the levels of Ku70 acetylation were then The simplest explanation of these results was that acetylation regulates Ku70s antiapoptotic function by interdetermined after 3, 6, 12, and 24 hr. The time course showed that Ku70 acetylation increased between 3 and fering with its ability to sequester Bax from mitochondria. To test this model, we examined the endogenous 6 hr following exposure to UV (Figure 6A ), which correlates with Bax activation (Sawada et al., 2003b) . There Ku70-Bax interaction in 293T cells treated with TSA/ NAM, a condition that we had previously shown to inare conflicting reports concerning the stability of Ku70 following DNA damage (Nothwehr and Martinou, 2003), crease Ku70 acetylation (see Figure 4A ). Cells were treated with the inhibitors for 12 hr, and the Ku70-Bax and in our experiments we did not detect a decrease in overall Ku70 levels ( Figure 6A) . Interestingly, the ininteraction was assessed by immunoprecipitating Ku70 and probing the immunocomplex for Bax. As shown in crease in Ku70 acetylation correlated with migration of CBP to the cytosol ( Figure 6B ). This observation indi- Figure 6C , treatment with TSA and NAM significantly decreased the amount of Bax that was associated with and promoting apoptosis. If acetylation is required to provide order to this region, this would explain why Ku70. In a reverse-IP experiment, TSA and NAM completely abolished the ability of anti-Bax antibodies to structural studies using recombinant (i.e., nonacetylated) Ku70 have failed to detect structure in this region. immunoprecipitate Ku70. Based on these results, we conclude that acetylated Ku70 does not inhibit apoptoOur model for Ku70 regulation is reminiscent of that proposed for p53, in which acetylation alters an intramosis because it is unable to bind and sequester Bax. 
